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SHALLOW LAND BURIAL i~

TECHNOLOGY—ARIL’

W. V, Abeeh, G. L. DeF’oorter, T. E. Hakonson, and J. W, Nyhan

Los Alamos National Laboratory

ABSTRACT

Scope of the tasks being performed by Los Alamos will be identified. Emphasis will be

placed upon the geotechnical work, Important geotechnical properties of a low level

waste disposal site include hydraulic conductivity, consolidation, and shear strength of

the applicable medium. The hydraulic conductivity of crushed Bandelier tuff has been

assessed using the instantaneous profile method. The best fit of hydraulic co~ductivity

as a function of water content was found to be a power Junction, The coefficient of

consolidation was difficult to measure because of the relatively high hydraulic

conductivity, The repose angle for crushed tuff is higher than the normally expected

range, This is probably because of a higher than average angularity and surface

roughness, The high coefficient of consolidation and high internal friction angle make

finely crushed tuff a material with ideal rr,echanical characteristics, The drawback is

that a high coefficient of consolidation is Iinkcd to a high hydraulic conductivity.

INTRODUCTION

Determining the potential impact of buried radioactive wastes o:, the environment requires definition of the

mcchu.nisms a]ld rates by which the radicmuclides can enter the environment, The various mechanisms can be

divided in[o two mujor cmcgories- - natural phenomena more or less independent of human activity, and

uclvcttent ac:s by man, such as war, land excavation, sabotage, etc, All natural processes can be further

subdivided into two groups: chronic release processes, which occur at s more or less uniform rate when viewed

on a time scale of tens to hundreds of ycnrs, and acute release processes consisting of single events separated by

long pewds of nonoccurrence, Chronic release mechanisms include subsurface transport of radionuciides by

migrru ng water,’ }{ydraulic conductivity, the main control for subsurface transport of radiunuclides, is most

important for usscssment of containment capabilities,

Knowledge of consolidation smd sheaf strct’gth of backfill, used as interlayers and cap in wnste pits, will

help in [h: cvnluation of the subsidence potcntinl, Failure of any enginecrir,g structure may indeed occur in tme

of two wnys: exce~sive settlement cr shear tnilure of the supporting soil,

The cnginccrin~ structures involved mny include entire cities (c, R,, Mexico City), building uomplcxc:,. or

parts of buildings, Pnrtial bl~ilding subsidence is caused mnirdy by uneven soil wttlcmcnts rhc best known

cxwnplc of ~hi~ is the Ieanirrg tower of Pisn, which is only fttmous bccttusc it has not fallen down m H ccntul ICS

dcy-iitc its stall w!ttling foundations, Natural or anthropt)genic modification of the htnd~cape :nrty nlw he subwc!

to fnilurcs (c, g,, !doprs, modilluation ~)f supporting medium in Iundfi]ls), [Iillhrcntiul Settlements arc usually

~tructurully the most criticnl,



Of the three phases possibly present in soil, only the solid phase controls the resistance to compression and

shear. Water, present in a moist soil, is highly incompressible but, m a liquid, is by definition not capable of

resisting shear loads. Air, present in unsaturated soils, will not support compression or shear loads.

In a saturated soil, compression will be caused mainly by (.xpulsion of water out of the soil voids. Under

the influence of an externally applied load, the expulsion of water from the voids is hi~hly dependent on the

permeability y Gf the medium. The extremely low permeabili’ y in the case of clay leads to a slow void contraction.

The compression of saturated, low permeability layers under a static pressure is known as consolidation, The

consolidation rate depends on the compressibility of the soil (rate of decrease in volume with stress) and soil

permeability y, which, in turn, is dependent on the viscosity of the liquid (viscosity of water at 35 “C is half that at

5 ‘C). An increase in temperature increases the consolidation rule but does not afTect ro~al amount of

consolidation.z

The oectometcr test maintains a constant stress until settlement is virtually complete mid no evidei~ce of

neutral stress or pore pressure remains, Initially, the stress is converted into increased pore pressure. As water

is expelled out of the soil voids. the pore pressure gradually drop~ ot~ to zero. The rmults are read as a plot of

void ratio vs time for a given total stress (neutral + effective).

Failure to drain the pores will result in low shear resistance. The ability to resist shear loads is solely

dependent on the mechanical interaction of the solid particles in the soil matrix, The presence of excess water

reduces the effective stress responsible for the friction between solids,

EIOINTRLU510N BARRIER TESTING

Resu!ts from small scale Iysimeters to evaluate the dTectiveness of sei?ral geologic materials as plant root

and burrowing animal intrusion ~~.rriers 1’1 Idd tc the selection ot’ cobble (7- 13 cm diameter) overlain by gravel

(,. 2 cm diameter) as the most effective intrusicm barrier tested. Additional experiments wre undertaken with

rock intrusion barriers to evaluate:

. perfamance with time,

● effectiveness at intermediate and field scale,

● the effect on water percolation in order to estimate optimum top soil depth, and

● ~hc cfl’ect of various degrees of subsidence on the intrusion barrier integrity.

Those experiments will rmt be discussed in thi! paper,

CAPILLARY BARRIER FIELD TESTING

Smull scsde modeling has demonstrated that it wus passible to maintairt structures dry in porous media by

using capillary barriers, T},csc harriers are created by differences in particle size distribution, The phenomenon

is due to the predominance of capillcry suction, soil tension, or matric potential over bravity forces, The

percolntirtg liquid will only pcr!ctrn!c the coiuser material aller the ovc;lying finer one is totally wetted,

Cortscqucntly, the structure em.lo$ed in the coarser materinl !s maintained dry, As long IIS the matri: potential

n~ the conrsc/fine inlcrfacr ruma,in+; ncgati~jc, wntcr infiltrating inio the finer hiycr will not cross the interface but

will flow Iulernlly within the f?ncr layer until percolation I ecurs upon renching the edge of the coarser Iaycr, This

mmuept hns I]een referred to us (he “wick effect,” The lateral dislnncc over which the water can be transported

is limited nnd will be influenced by the slope of the intcrfacc,

The experirncntnl configurut ion is illustrated in }’ig, 1, The mnterinls used in both crtpcrimcnts were

crushed Hrmdclicr tuff nnd grnvd, Cnpillnry barrier pcrformnnve is dirtctly proportional to the sharpness of the

pnrticle f;ze cliffcrcncc nt the illtcrfucc, The sh>pe of the intcrfncc was set at I‘ $ in one experiment and at O%

in the comrol cxperime; .t,

I’igurc 2 is rt summary of I,W cxperimcntn] results for the contlgurnt+m with the I!% dope, Ilighcr

nu~islur’c contents and time lags in the crests O( &JWIISIOpC points show thut the wick svstcm basically workq,
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HYDRAULIC CONDUCTIVITY

The soil column used for measurement of saturated and unsaturated hydraulic conductivity is 3 m in

diameter and 6 m deep with access ports along the entire height of the profile and a $a.in at the t&tom. The

column was filled with crushed !i3andclier tuff, which consists mostiy of silicic gla$s and has a grain size

distribution close to that of a silty sand. At the bottom of the experimental unit the drain was covered with a

coarse screen. Approximately 0.25 m of gravel as placed over the screen and above this was placed

approximately 0.25 m of sand. The rest of the column profile was crushed Bandelier tuff, w!~ich was obtained

locally.

After crushing, the tuff was screened at a cement batch plant. All material passing through a 12.5 mm

screen was mixed with known amounts of water to give optimum water content for compaction, thus ensuring

column uniformity and minimal subsidence. Water content and wet and dry density wers measured at several

heights during the filling operation. At each 0,2 m thick increment, the tuff was compacted by use of tampers.

Independent studies dcme at Los Alamosl showed that the optimal tutT wetness for compaction was 12% by

i~ass. The amount of moisture present, between 10 and 13% by mass, is close to this optimum amount, Dry

density obtained varied with depth from 91.3 to 101,4% of what is considered optimum dry density for crushed

tuff. Maximum compaction wa> not obtained at some of the lower depths, where the moisture content was

occasionally too high,

Tensiometers were inserted with a downward slope of 13% to the horizontal. They were inserted 196.5

mm above the hcwizontal neutron probe access tubes so that the cup of the tensiometer would be at the same

height as the access tube, Also, the tensiometer cup was at art average horizontal distance of 0.44 m from the

access tube and therefore well outside the radius of influence of the neutron probe.’

The column was flooded and allowed to saturate by pending a layer of water about 50 mm thick on the

surface, Final!y, the surface was covered to prevent any further water flux into the soil column from rainfall or

out of the column hy evaporation, The column was then allowed to drain for 100 days. The volumetric outflow

rate of water at t:ie drain was measu-ed regularly during flooding and diainage.

The experiment was maintained in a flooded ?ondition for almost a month. During this time, the saturation

level increased gradually and !irrally ]evelcd out at an average volumetric water content, 8,, of 0,331 (standard

deviation 0,0 13) and a maximum saturation level of 0,346, These fluctuations in saturation Icvei may be partly

caused by some layering or stratification. This layering effect, however, should not in anv way interfere with the

validity of the mrthod,’

The results of the measurements are shown irr Figs. 3 through 6, Figure 3 is a plot of volumetric outflow

rate as u function of time for the entire 100 days of the experinlent, Figure 4 is a plot of volumetric water

content AS a function of depth for selected days during the drainage starting with saturation at day zero, Figure

5 is a plot of matric potentiai as n function c{ depth for selected days during the drainage, Figure 6 is the soil

moisture characteristic ctuve obtall!ect fl urn the simultaneous measurement of volumetric water content and
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matric po~ential. This equation is valid for the volumetric water content range from 0,16 to 0,33, FOI the lower

moisture contents, ti,e values reported by Abeeles are shown in Fig, 6. With the cxperimsmtal results jus!

presented, both the saturated and uns:~turated hydraulic conductivities can be calc~dated.

The unsaturated hydraulic conductivity as a function of water content was determined by the

‘instantaneous protk method of Watson,e The calculation, procedure described by Hillel et sol,’ wcs used in this

~,., )er, “fhis method requires the s’muhaneous measurement of the matric potential of the soi! by tensiometers as

a function of time and depth and measurement of the soil volumetric water content as the same function of time

nnd depth in the soil profile by rncans of a neutron moisture probe, From these data, the unsuturucd hydraulic

conductivity cati be calculated as a function of water content, The mathematical description of the

instantaneous profile method can be found in the aforementioned references.

The hydraulic .x-mductivity is the ratio of the flux to the total hydraulic head gradient (gravitational plus

matric), T(I calculate the flux, the derivative of the volumetric water content/time curve is required. To calculate

this derivative, a plot is I.!adc of volumetric water content against time for each of the depths at which

measurements were made. The data for depths of 040, 2.71, and 4.23 m are shown in Fig, 7, The data and

curves for the ;?thcr three depths are similar, A best fit curve was obtained for each dtpth by regression

analysis, The equation and best fit parameters for each depth are given in Table 1. From these equations, thu

volumetric water content and time derivative of the volumetric water content can be calculated for any time.

For these calculations, times of 1, 4, 10, 20, 40, 80, and 100 days were chosen (column 1 of Table 2).

Mcasurcmcnts of water content and matric potential were made at depths of 0.4, 1,16, 1,91, 2,71, 3,47, and

4.23 m from thr surface (ztot in column 4 of Table 2). Etased on this spacing, the column was divided into zones

for calculutit~nal purposes. The boundary between the zortcs is tnkcn as httlfway bctwccn the locations a: which

the mcosurements were mnclc, The zcnc boundaries and zone thickness, dz, w given in columns 2 nncl 3,

rcspcctivrlv, of Table ?, The volumetric water content, OV,and time dcrivntive of the volumetric water content,

/’!)/i’t, were Ca]culuttd M each depth for cvtry time and the values entered into columns 5 and 6, rcspt!ctivcly,

of Tank 2,

“rhc I atc of volumttrlc water corttcnt change in each layer, dz( ilO/i’t), is colculnteti Ly multiplying the

tJcrivative of the water content/time curve by its rcspcctivc depth incrcmcnt, These values me given in colunm
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at three selected depths,

7 of Table 2 in units of m day-l, The flux through

each layer, q, is calculated by summing the rates of

change in water content for all the layers from the

layer of interest to the top of the experimerm These

values are given in column 8 of Table 2 and are

TABLE 1

BEST FIT CURVES FOR

VOLUMETRIC WA’iER CONTENT DATA
~

Depth

(m) Equation T2——

0.40 0, = 0.293 d- 0]26 —0.99

1,16 0, = 0.312 d- 0125 0,96

1.9] 0, = 0.319 d- 0“120 0.95

2.71 0, = 0.344 d- 0119 0.98

3.47 (IV := 0.317 d- “094 0.97

4.23 6, = 0,323 (d-7)- 0091 0.96

again in units of m day- t, The flux is one of the quantities required to calculate the hydraulic corlductivit y as a

function of water content.

The other quantity required is the hydraulic head gradient, This is obtained by adding the gravitational to

the matric potential at each elevation, plotting against depth, and determining the slope by regression analysis,

Matric potential was plotted against time for the me~surements at each depth. Plots for depths of 0,40, 2.71,

and 4.23 m ars shown in Fig. 8. The data for the other three curves are similar. 3est tit curves were obtained for

each set of data by regression analysis. The equations and best fit parameters are given in Tabh 3. Using !hese

best fit equations, matric potentials, V, were calculated at each of the times in column 1 of Table 2 and included

in column 9 of this table. The total hydraulic head, H, was calculated and is listed in column 10 of Table 2,

Division of the flux by the corresponding hydr~ulic ~radient yields the hydraulic conductivity in m day-l,

These data are all plotted in Fig. 9, including the value at saturation (1,44 x 10-6 m S-l), The hydraulic

conductivity can now be calculated as a function of water content by volume, In this case, the best fit was a

power functiorl of the watei- content i)y volurr,e, which will be a straight line when plotted on a Iog.log graph,

The equation is K = 0,0108 O~’~J,with an r] of 0,96, The extrapolated curve from the laboratory measurements

of Abeele5 is also shown in Fig. 9,

_dL. .. L.-_J _l——L .-.-A-.1 . ..-l~ JJ
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TABLE 2

CA.LCULAT20N OF HYDRAULIC CONDUCTIVITY

AFTER 100 DAYS

t

L.ayef

Bounddn

(m)

I

4

10

?0

40

80

Ial

0-018
0.78-1,54
1.54-2.31
231-309
309-3.93
385-4.61

0-0.78
0,78-1.54
1.54-231
231-309
309-3.85
3,.S5-461

0-078
078-1.54

1.$4-231

2.31- 30+)

309-3.85

3d5- 4.61

0-078

078-1,54

1.54-2,31

231-3.09

).09 -385

3.U-461

0-078
0?8 -1,54

1.54-2,31

23-309

309-3.8:

385-4.61

0-O78

078-154

134-2,31

231- 3.c@

309-3.0$

3.85-4.61

0-0.70

070 ]$4

I 54 2,31

231YW

309.. )85

3.8$-461

&

(m)—
0,78
0.76
0,77
078
0.76
0.76

078

0.75
0,77
0.78
076
076

(278
0.76
071
0.78
0.76
076

0.7B
0,76
0,77
7.78
076
0.76

078
076
077
018
076
076

0 “78
O76
077
070
076
0,76

078

076
0,17
078
()16
O16

z ,“

(ml e.

040

1.16
1.91
2.il

3.47
4.23

0.40
1.16
191
1.7,
347
4.23

0.40
1.16
1.91
2.71
3.47
4,23

040
116
191
271
347
4.13

0,40

I 16
191
2.71
347
4.23

040
1.16
1,91
2.71
3,41
413

040
1 16
191
2.71
3.47
4.2)

029145
0.311‘6
031889

%>

0.24628
0.26198
0.26691
0,28739

*4>

0.2193$
023352
023730
025539
0.25538
0.29249

0.2W4S
021407
0.21719
0.23356
0.23’?32
025580

0 I134W
O 1962~
U,:?Q6>
021360
022421
023491

0.16865
017988
018172
019$33
0.21017
o)1846

O 16396
017492
0 116s9
0189. !1
020581
0213(FI

-c@/?f
(day-’)——
0.037W
0.03912
004093

0,CW78
000.922
1.00856
OCX39i6

0.02271
0.00293
000305
0.W329
J,0023Q
0.00240

000121
000134
000139
O,c~150
000112
0(WI12

000058
0.00062
0.W064
000069
ooa)53
0000!3

o.mY12’
olNo2e
o Wolv
000031
0,0C4325
00C4)2$

00002I
000022
000023
000324
00C4119
oocm19

+iz(.?e?t)

(m day-’)

0.02893
0,02973
0.031s2

000607
0,CK)623
0.00659
0,1X)722

0,00216
0,00223
000235
0.CQ25?
0CQIS2
0.00182

0o&199
0.00102
0.00107
000117
0.LW85
o.c@283

000045
O.OCW1
oorxM9
0.00054
00M140
o.oon40

000021
000021
0,W322
00CQ24
Oooolv
000019

0,00016
0(A)O17
O(XXIIF
000019
000014
0WO14

q
(m day-’)

0.02893

0.00607
001232
001891
0.02613

000434
0.00674
00093I
0.01113
0.0129J

0.00099
000201
000308
0.0042$
0.00510
0SY2595

0,00045
000092
000141
0,0019$
0.IW235
0s)0275

0.0W2I
000042
0.CUM4

000101
o@126

000016
000033
01X3051
o 00J70
000084
Omvn

;:)—
0.51
0.39
0.31

085
C68
0.55
049

120
0.98
c go

074
0.54
036

I 5$
I 29
I .06

100

080
078

2,01
I 70
1.42
1.36
1,18
I,03

261
2.25
I 89
1,86
L74

1.2’

2.84
246
107
2M
I 91
I 14

H

(m)

0,9I
1.55
2.22

1.25
1.84
2.46
3.20

I.M
2.14
2.71
345
4.01
459

I 95
24s
197
371
427
501

241
28e
33!
4o’!
46$

5.28

301
341
380
457
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5JO

3.24
3f12
3M
416
5U
3,3”(

?w t Z,o,

0.86749

084268

079260
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0,76146

0.69324

G(M18
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8335
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3508
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TABLE 3

BEST FIT CURVES FOR

MATRIC POTENTIAL DATA

Depth

(m) Equation r2——— —.

0.40 y = 0.506 d 0374 0.97

1.16 y = 0.392 d 0396 0.96

1.91 ~ = ().3()8 d 04]4 0.97

2.71 v = 0.264 d 044s 0.95

3.47 v = 0.147 d ‘“6’C 0.97

4,23 v = 0.050+ 0.285 In (d-7) 0.99

CONSOLIDATION

When additional stress is applied to the saturated soil,

the solid structure will not immediatdy support it because

water will prevent compression (Fig, 10), Neutral stress

SUPDO,lSthe applied load. As the water is forced out, the soil

compresses and the solid structure assumes more and more

of the load until the neutral stress becomes zero and the solid

particles support the total load or effective stress. The neutral

stress can be read by means of a piezometer. Since pore

water pressure measurements are not made in the oedometer,

the degree of consolidation, LI, is calculated directly from the

change in heigh~ H, of the sample, with U = O% at the start

of the consolidation and U = 100°4 at its completion. The

change in void ratio Ac = ( I+-eO)AH/HO. The time required to

reach any percentage of consolidation for any thickness of a

particular soil layer can be evaluated from the consolidation

curve ot~tained in the laboratory. Any degree of consolidation
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Fig. 9. Hydraulic conductivity as a func.

tion of volumetric water content

calculated from the cxpcrimentsd

results. The solid line is the best fit

curve determined for all the

measured values. The dashed

curve is an extrapolation of the

laboratory measurements.

to be obtained will be a function of the square of ihe thickness of a particular soil layer end its permeability at

that partied ccmsoiidation pressure, so that rate and amount of settlement of a structure can be calcula-

ted. This would enable one to estimate whether settlements WIII be substantially completed during constru-

ction or how long they will last afler completion. Means for accelerating the consohd~tion, such as sand drains

or ..vicks, may be considered.

After equilibrium is reac!led and the trttnsfer from neutral to effective stress is complete, the test proceeds

by addition of a new load increment and allowing settlement to occur until equilibrium is reached under the new

total stress, indicating the new consolidation is completed, For adequate computations of the coefticknt of

consolidation, C,, standard load increments of ArJ/a equal to one must be used, A total final stress of one MPa

was applied,



INITIAL

WATER SURFACE

v I POROUS

“ # PISTON

SOIL

I VALVE I WATER

CLOSED ESCAPING

PISTON
1 VALVZ i

CHAMBER FILLED

WITH WAfER

IIaWATER

UNDER

PRESSURE

PRESSURE

NO FLOW

I OF WATER

3!?SPRING

RESISTS

LOAD

W,’.TER

‘ PRESSURE

DECREASES RELIEVED

IAPPLIED

FORCE

Fig. 10. Hydromccblnicai analogy for consolidation,



The compression characteristics of overccmsolidated soil arc demonstrated by the rebound (also:

unloading, decompression, swelling) and recompression curve. If recompression is to take place, only above one

MPa will a straight line equal to the existing one be obtained. The recompression curve indicates a soil that is

overconsolidated and much less compressible than normally consolid~ted soils. The rebound is characteristic of

the elastic deformation undergone by the soil, whereas the difference ixtween origina~ and rebound height is

indicative of the plastic deformation undergone by the soil. Elastic deformation is rev. i Je and is mainly

caused by bending and distortion of the solid matrix, whereas reorientation and fracture of the solid particles

account for plastic deformation,

Recompression curves are typicaffy occurring in preconsolidated soils, which are soils once subjected to a

stress exceeding the present overburden pressure, Removal of that overburden by erosion, nleltinq, lowering of

wa&er table, or excavation leaves a soil preconsolidated. Most undisturbed soils are preconsolidated to some

extent. This fact is extremely important in foundation engineering because such a soil will rot appreciably settle

until the stress imposed exceeds the preconsolidated stress. 7 An unconsolidated soil with a low Cv can be

preloaded with fill if normal consolidation k expected to last until after completion of the structure.

The coefficient of consolidation increases naturafly enouch with increased permeability and decreased

compressibility and is afso inversely proportional to the specific weight of the diffusing fluid. Consequently,

k= Cv&mv (m, = dddu with ~ = AH/H).*

Crushed Bandelier tuff has a grain size distribution close to that of a silty sand. The specimen dimensions

were 100 mm x 100 mm x 26 mm.

Mass of dry soil: 365 g.

Moisture ratio by mass: 0.323.

Particle density: 2.56 Mg m-’ (measured).

Initial void ratio: 0.323 x 2.56 = 0.83.

Porosity: 0,83/1,83 = 0.453.

Dry bulk density: 2.56/1.83 = i.40 Mg m-~.

Moisture ratio by volume: 0.323 x 1.40 = 0.45.

Saturated unit weight: (2.56+0,83)/1,83 = 1.85 Mg m-’.

Volume: 365/1,40 = 260 cm].

Height of sample: 26 mm.

During consolidation, the data yieloed void ratio/time curves concave upward from the start indicating

e~tremely fast consolidation. The point t50, indicating the time at which 50% of the consolidati(’fl is complete,

was always passed before the first measurement could be taken (around 0,0,5 rein), For our :pecimen of 26 mm

thickness, C, will then be at least 346 mz/year or 1.1 x 10-s mz s-’,

The compression index CC is the slope of the straight iirie where e = -CC log U/crO.The compression index

CC is equal to 0.14635 above 60 kPa. The void ratio/stress curve is slightly convex upward. The swelling index

SCis equal to 0.01567 and 11% of the compression index of tuff.

The recompression curve follows a path almost identicat to the rebound curve until the preconsolidatim

stress oi” one MPa is neared, Beyond one MPa, the recompression curve should merge with the virgin curve.

The virgin, rebound, and recompression values at specific stresses are plotted in Fir [1.

The best fit between hydraulic conductivity k and void ratio c was determined t,mough regression analysis:

k cc 5.51 x 10-13 e’s$j’ with k expressed in m S-l anu r = (),97, It is obvious that tne values for the hydraulic

conductivity are underestimated tit afl pressures because of an Arbitrarily low choice of Cv.

At a porosity of 0.4 (c = 0.67), k would be equal to 1,81 x 10-0 m S-l. Based on our field experinlents, this

is underestimating the measured hydraulic conductivity by a factor of close to 80, The relationship now

becomes k = 4.37 x 10-” e“’’3’, A more correct C, of8.7 x 10-’ m] S-l can now be estimated from the intrinsic

relationship between hydraulic conductivity and coefllcicnt of Const)iidtition, Because k was known, a more



direct approach could have be n taken using

Lambe’s formula and computing C, directly

instead of trying to measure it. Our work also

shows that only a static load of more than 250

kPa can match the void ratio obtained under

dynamic loading in our field experiments, de-

signed to measure hydraulic conductivity.

Current research at Los Alamos shows that

crushed tuff mixed with upward O! 8% bentonite

clay has a coefficient of consolidation low enough

so that it earl easily be computed directly from

the vGid ratio/log time graph.
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Fig. 1 I. Virgin, rebound, and recompression curves for

crushed tuff.

CONSOLIDATEDDRAINED SHEAR TEST

Negative stress induced by capillary tension will be at the origin cf increased ~oil shear strength. Capillary

tension is the dri’ling force that enables moist sand to maintain tr molded or cut shape, Thin water fdms whh

small meniscus radii develop high-tensile stresses in the moisture wedges tha[ hold soil particles in rigid contact.

Fine sands and silts above a water table owe their strength to capilhrry tension and the resulting effective

stresses in the granular structure. A point c)f maximum stress exists rts a function of moisture content for a

particular soil, Iri that CESC,any drying or wetting, away froni that optimum moisture content, will mean &

decrease in maximum shear strength, The components of shear strength, are tiiction and cohesion. The fricti~n

component is primari~y ttf. ected by mechanical factors, whereas physiochemical factors affect the cohesion

component, Cohesion is dependent on attractive forces at work in clay particle interactions. “Water plays ~n

important role in determining the magnitude of the cohesion component tecauce it afYects the di~tance betwee~

soil particles and, consequently, the attractive forces associated with air/water menisci.9 For any granular

msderial, thr strength characteristics depend heavily on the dry unit mass to which it is compacted. A higher

dry unit mass will correspond to a higher shear strength, all other parameters being equal. Changes in dry unit

mass and shear strength are both influenced by tile same independent variabl~.--moisturc content. A plot of dry

density vs moisture content will indicatt that compaction at any given energy level becomes more efficirnt as

the mwsture content increswes toward rtn optimum moisture level. Beyond this level, the efficiency decreases,

The Irast expensive way to improw soil stabilization is precisely through compaction. Soil stabilization, in

turn, means the improvement of set rral physical properties, which, among other things, determine the shear

strcnp!;] c’f that soil, Besides an increase in shear strength, the other physical properties of a soil improved by

corn ]action are the related increaw in dry density and subsequent decreases m compressibility, permeability,

and skrinka~e (this last property is mainly applicub!e to montmorillonite). Adequate compaction of a pit

overburden will improve sevcrrd desirable :moperl:cs important for good waste management.

A higher degree of consolidation ,mcsms a I in neus” in soil strength because of increased density, The

consolidation process may continue during shearing (no increases in pore water pressure). The displacement

rate during shearing is detcrmimt from the consolidation stage so that the potential further incrcasc in

consolidati~m is not harnpcrcd hy the cnpncity to drain (a function of hydraulic conductivity)

If the snlnplc is aflowcd to consolidate under the rwrmaf id before shearing and to drain dut ing shcnring,

the test is termed L consolidated drained (CD) test, Direct CD shear tests of the controlled strain type wcrt

performed At three or more diflkrcni nt.”mai stresses for each different condition (preconsolidrstion Icvcl,

moisture content), The three or more resulting stress/strain graphs obtuined for the three or more rtpplicd

normal stresses each yield n peak sheru stress, The peak shcstl strengths are then plotted as a function of the

effective normal stresws. I’hc shear strength is then cxprcsscd nnnlyticnliy in the Coulomb equation



~=(y .,m tan $ + C.

Coulomb’s quation shows thut the shcwing resistance is made up of two conpnents:

● Friction, increasing with normal Stress (%ti~ iS cau~d by we interlocking of pmficlcs, A good example

of a frictions! and cohensionless soil is sand The Coulomb failure envelope passes th:ohgh the origin,

. Cohesion, independent of normal stress. Coulomb’s failure envelope is virtually horizontal if saturated

clay is not allowed to consolidate before or drain during shearing.

Fcr crushed tuff, no distinct peak was apparent. Practically no decrease in shear stress with increased

displacement was noticed after attain.in8 the ultimate shear stress (Figs. 12 th:ough 15). Unpreconsolidated

crushed tuff decreases in volume upon shearing, a twhavior reminiscent of that of loose sand. That behavior

changes i! the sample is precmsolidatea (Figs, 14 and 1S), and dilatancy only occurs if the preconsolidated

sample is sheared in a submerged shear-box (Fig, 15), Dw, unpreconsolidatcd crushed tuff has a shearing

strength of ~ = 12.43 + 0,775 an; rz = 0,99178 (see Fig, 16),

For saturated, unpreconsolidated crushed tu~: moisture ratio by volume (MRV) = 0,453, and dry density

(I’d) = 1.40 Mg m-’; ~ = 8,72+ 0,73 cm; rz = 0.99770, For saturated crushed tuff, prcconsolidatcd at one MPa,

mcisture ratio by volumw (MRV) .= 0,349 and d~ unit we!ght (YJ = 1,667 Mg m- 3; T = 23,48 + 0,819 on; rz =

0.99279. For crushed tufl with a MRV = 0.30, Vd = 1,610 Mg m-.] and prcconsolidated at one MPL t = 23.74

+0.719 an; :2 = 0,99869, The angle of repose, representing the angle of internal friction of a grarhr material

at its loosest state, can be calculated from Coulomb’s envelope. 1! amounts to 38° for crushed tuff. The repose

angle of crushed tuff, which is higher thnn the normally expected range (30 to 3J0), is probably mainly caused

by a higher than average angularity, surface roughnsss, and grain size distribution, all of which will tend to

increrxe the angle of repose.
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Knowledge of the shear strength of backfills is crucial in failure prediction of tick systems, Bond

resistance to shear is currently under investigation for geotextile-based wick systems.
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